Throughout vertebrate embryogenesis, membrane bound and intracellular protein kinases govern the fundamental decisions necessary for coordinated cell growth and differentiation. Here we have characterized limk, a novel protein kinase with serine threonine substrate specificity which also contains two LIM domains. We used Northern blot and in situ hybridization techniques to determine its pattern of expression in early mouse development. Between 7.5 and 8.5 d.p.c., limk is expressed in three broad domains within the embryo, the neuroectodermal of the prospective forebrain and mid-brain regions, the cardiac mesoderm, and the newly formed definitive endodermal derivatives the foregut and hindgut. By 10.0 d.p.c. limk remains prominently expressed in the ventromedial regions of the developing forebrain and midbrain, with continued expression in the hindgut. In adults limk is expressed most prominently in the brain. Additionally we have shown that fimk is most abundantly expressed in the trophoblast giant cells, from 4.5 d.p.c onwards. Moreover, high levels of limk expression is associated with the overt formation of giant cells from diploid progenitors, suggesting an involvement for fimk in the differentiation of this highly specialized extra-embryonic cell type.
Introduction
Many signaling molecules that regulate cell growth and differentiation during embryogenesis are known to function through the activation of specific membrane associated receptor protein kinases. For example, in both Xenopus and mouse, the growth factors that regulate inductive interactions required for mesoderm formation and patterning include fibroblast growth factors (FGFs) that interact with a family of receptor tyrosine kinases (FGFRs), and TGFP-related molecules that activate transmembrane serine threonine kinases (reviewed in Kessler and Melton, 1994) . These receptor protein kinases in turn activate cellular components of signal transduction pathways possessing either tyrosine or serine threonine kinase activities. Many of these cytoplasmic kinases contain one or more distinct structural motifs, in addition to the cata- lytic domain. These include for example Src-homology domains (SH2, SH3) and pleckstrin homology domains, that interact physically with distinct domains/modules present on downstream substrates, typically phosphoproteins (reviewed in Cohen et al., 1995; Pawson 1995) . The presence of these motifs thus directs the formation of transient and highly specific signaling complexes. The formation of specific protein-protein intermediates is in part governed by intracellular localization. For example src related kinases are generally associated with the inner aspect of the plasma membrane, while other kinases such as c-abl contain motifs that confer nuclear localization ability. Information concerning cell-type specific signaling pathways has come largely from analysis of oncogenie activation of specific kinase molecules (reviewed in Rodrigues and Park, 1994) , and loss of function mutations in mice resulting either from spontaneous or targeted gene inactivation (reviewed in Imamoto et al, 1994) . For example, targeted gene mutations of broadly expressed intracellular protein kinases such as c-src and c-abl, have revealed detectable phenotypes confined to
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distinct sub-sets of cells, suggesting redundancy in the signaling cascades in which these molecules normally act.
To further define components of signal transduction pathways activated by growth factor signaling during embryogenesis here we used a PCR based strategy to identify novel protein kinases expressed at early stages of mouse development. Similar experiments have been successful in identifying a variety of receptor and nonreceptor kinases showing restricted patterns of expression in rodent embryos (Wilks, 1989; Lai and Lemke, 1991; Stark et al., 1991; Yamaguchi et al., 1993; Ruiz et al., 1994 ). The present screen aimed to identify novel kinases expressed shortly after implantation, after cells have become allocated to the three primary cell lineages, and gastrulation has been initiated. Here we have characterized limk, a protein of approximately 74 kDa containing, in addition to a novel, atypical kinase domain, two LIM domains each composed of a double zinc finger motif. Interestingly this protein appears to be very highly conserved, displaying a remarkably high amino acid identity (>95%) to a recently described human gene designated LIM kinase (LIMK, Mizuno et al., 1994) , suggesting that we have isolated the mouse ortholog. Accordingly we have designated the mouse gene limk. These molecules represent the only known kinases also containing LIM domains. To further characterize limk activity we demonstrated that this gene encodes a functional protein kinase with serine threonine substrate specificity. The temporal and spatial patterns of limk expression in early mouse development has been analyzed using Northern blot and in situ hybridization techniques. limk transcripts are present during formation of the developing nervous system, heart and gut. The earliest and most prominent site of limk expression is in the trophoblast giant cells, coincident with the differentiation of this highly specialized extra-embryonic cell type.
Results

f. Sequence and structure of limk
Sequence analysis of approximately 850 cloned PCR products allowed the identification of 29 distinct kinases, 23 of which had been previously reported (data not shown). The clone designated Eps7, corresponding to a portion of the mouse limk gene, was one of 6 novel sequences (Cheng and Robertson, unpublished data). The 230 bp Eps7 fragment was used to screen an 8.5 d.p.c. mouse embryo cDNA library (Fahrner et al., 1987) . We recovered a single clone containing a 1.4 kb cDNA insert encompassing the entire kinase domain and a small portion of the 3' untranslated region. This clone was subsequently used to screen mouse brain cDNA libraries to obtain the full length sequence. The 3.3 kb cDNA contains a large open reading frame with two potential translational initiator methionines at nucleotides 179 and 221, respectively, a translational termination codon (TAG) at nucleotide 2117 and a polyadenylation signal (AATA-AAA) positioned 29 base pairs upstream of the beginning of the poly(A) tail. Using the first ATG, which is in a slightly better Kozak consensus sequence (Kozak, 1989) , the predicted polypeptide sequence comprised of 646 amino acids has a predicted molecular mass of 74 kDa. A recent report described the cloning of an unusual kinase termed LIM-kinase (LZMK), from a human hepatoma cell line HepG2 (Mizuno et al., 1994) . Comparison of the mouse sequence with that of human LIMK reveals overall 94% identity and 97% similarity between these proteins, strongly suggesting that the Eps7 gene isolated in our screen represents the murine ortholog of LIMK.
The predicted protein sequence of mouse limk is shown in Fig 1. A hydropathy plot (Kyte and Doolittle, 1982) indicates the protein to be largely hydrophilic in nature, lacking a signal sequence, transmembrane domain or any other strongly hydrophobic regions, implying that limk functions as a cytoplasmic protein kinase. The amino terminal portion of limk contains two LIM domains at residues 25-75 and 84-137. Of approximately sixty amino acid residues that define the LIM domain, only eight residues are conserved. These are cysteinehistidine residues acting in concert to bind zinc . Interspecies homologs typically show a very high degree of conservation extending beyond these zinc binding residues. For example, the second LIM domain of the Xenopus Xlim-1 and its murine homologue lim-I share 100% amino acid identity (Barnes et al., 1994) . It is therefore of considerable interest that comparison of the mouse and human sequences (Fig. 1 ) indicates a 95% amino acid identity and 99% similarity between both LIM domains.
The 207 amino acid linker region between the LIM and kinase domains shows two interesting features. Firstly, this region has an unusually high proline content of 12%, with small stretches such as that between amino acids 145-211, approaching 20%. The proline content of most eukaryotic proteins is typically 4.5-5.5% (Doolittle, 1987) . Proline rich regions are typically found in transcriptional activation regions and have also been implicated in interactions with SH3 domains (Buday and Downward, 1993; Mermod et al., 1989) . Secondly, this region of limk contains a number of kinase phosphorylation site motifs (Fig. l) , including phosphorylation sites for MAP kinase and MAP kinase kinase at residues 153-159 and 409-418, respectively. MAP kinase and MAP kinase kinase (MAPKK) are two of the central components of the evolutionarily conserved Ras-Raf-1 -protein kinase cascade (Crews et al., 1992; Dickson et al., 1992; Nishida and Gotoh, 1993) .
Protein kinases have been shown to contain 11 conserved subdomains, corresponding to portions of the molecule lying within the catalytic site (Hanks et al., 1988) . As shown in Fig. 1 mains strongly suggesting this molecule is a functional protein kinase. The limk kinase domain begins at residues 345-351 with the three glycines, G-X-G-X-X-G, (subdomain I) which together with the lysine at amino acid position 367 (subdomain II), probably anchor Mg*+ and promote ATP binding (Knighton et al., 1991) . It seems likely that kinase subdomains V&VIII form the peptide (substrate) binding site. Interestingly, in limk these sequences in subdomain VIb (DLNSHN) are distinct from both the tyrosine kinase consensus (DLAARN) and the serine-threonine kinase consensus (DLKPEN). Similarly the corresponding limk residues in subdomain VIII (GNPYWM) show little homology to either the tyrosine kinase consensus sequence (XP I/V K/R W T/M APE) or the serine-threonine kinase consensus sequence (G T/S XX FN X APE) that form the peptide binding region, implying that limk phosphorylates a unique substrate. Finally, a highly basic kinase insert 11 amino acids in length lies between sub domains VII and VIII (at residue 494-505). Sequences changing the spacing between conserved kinase subdomains has been described for other kinases such as those belonging to the PDGF family. However, database searches analyzing the protein kinase domain, failed to reveal any strong homology to other sequences.
Analysis of limk mRNA expression in embryonic and adult tissues
Developmentally regulated limk , mRNA expression was initially examined by Northern blot analysis. As shown in Fig. 2A , limk mRNA was detected as a single 3.3 kb transcript from 8.5 d.p.c. onwards. limk transcripts were also abundantly expressed in maternally-derived decidual tissue surrounding the 7.5 d.p.c. conceptus, in 10.5 d.p.c. secondary giant trophoblast cells, and the developing placenta and visceral yolk sac. At later stages (15.5 days onwards) expression of limk mRNA was markedly decreased (data not shown).
We also examined the distribution of limk mRNA expression in adult tissues. The 3.3 kb limk transcript was abundantly expressed in brain and testes. limk mRNA was also detected in lung, ovary, and skin (Fig. 2B) , and in heart, kidney, thymus, and ES cells (data not shown). Zimk mRNA was not present at detectable levels in spleen or stomach. These results are consistent with findings reported for the human LIMK gene by Mizuno et al. (1994) . However, it should be pointed out that the human LIMK gene does not appear to be expressed in placenta, possibly reflecting divergent expression patterns. This difference might also reflect low representation of syncytial trophoblast cells in the human placental tissue analyzed. Next we used in situ hybridization to more precisely define the onset and sites of limk expression during embryogenesis.
At 6.5 d.p.c. neither the epiblast nor the primitive endodermal lineages express limk transcripts. A strong hybridization signal was exclusively detected in the primary trophoblast giant cells (Fig. 3A) . Additionally, limk mRNA was abundantly expressed by the maternal decidual cells surrounding the embryo at all stages examined. As limk was isolated using mRNA prepared from 6.5day embryonic ectoderm tissue, it seems likely that these dissected tissues probably also contained low levels of contaminating trophoblast giant cells, or maternal decidual cells.
In the embryo proper the onset of limk mRNA expression coincides with formation of the first somite, as shown in whole mount in situ hybridization experiments (Fig. 4A,B) . limk transcripts were detected in the neural folds, in the regions where cells are invaginating to form the fore and hindgut pockets, and in mesodermal cells occupying the base of the allantois. We observed a similar pattern of limk mRNA expression at the 5 somite stage (Figs. 3B and 4C) . limk transcripts were also present in the myocardium of the developing heart, in the anterior myocardial tissue. Additionally, weak expression was detected in the endocardial tissue. Low levels of limk mRNA were also present throughout the head mesenthyme (Fig. 3C) .
At 9.5 days limk is most strongly expressed in the neuroepithelium of the forebrain, midbrain and hindbrain and in the endodermally derived foregut and hindgut tissues (Figs. 3D and 4D,E). At this stage, both whole mount and conventional in situ hybridization experiments demonstrate expression restricted to the ventro-medial areas of the developing brain (Fig. 3D) . limk transcripts were also detected in the first and second branchial arches and in the hindgut. By contrast, fimk expression in the heart is dramatically down-regulated.
Taken together these results demonstrate three broad domains of limk expression within the embryo, namely the neuroectodermal derivatives in the cephalic folds (the prospective forebrain and midbrain regions), the cardiac mesoderm and in the newly formed definitive endodermal derivatives, the foregut, and hindgut.
limk expression in trophoblast giant cells
As shown above the only cells expressing detectable levels of limk at 6.5 d.p.c. are derivatives of the trophec- 'Development 52 (1995) 187-197 191 , namely the primary trophoblast giant cells (Fig. ollowing implantation, the diploid polar trophectorroliferates to form the ectoplacental cone (EPC). d.p.c. we found limk mRNA weakly expressed hout the diploid region of the EPC. By contrast, the ary giant cells that delaminate from the underlying I populations at the margins of the EPC were found ress strikingly high levels of limk transcripts (Fig.   5A) . Similarly, at 9.5 days of gestation following fusion of the allantois with the chorion to form the rudimentary placenta, we observed a weak hybridization signal in the developing spongiotrophoblast layer and allantois, whereas the secondary giant cells overlying the developing placenta strongly express limk mRNA (Fig. 5B) . Maintenance of high levels of limk transcripts in this cell type was most clearly demonstrated by inspecting the more laterally placed giant cells lying adjacent to the viscera1 yolk sac (Fig. 5C ).
To further characterize the onset of limk expression in trophoblast giant cells we took advantage of the ability of the trophectodermal derivatives, mural trophectoderm, extraembryonic ectoderm and ectoplacental cone tissue, to differentiate into primary and secondary trophoblast giant cells in vitro (Barlow and Sherman, 1972; Rossant and Ofer, 1977; Johnson and Rossant, 1981) . When blastocysts are allowed to develop over a four day period in tissue culture, the outer trophectoderm cells attach to form outgrowths and give rise to a monolayer of morphologically distinct primary trophoblast giant cells. When limk mRNA expression was examined by whole mount in situ hybridization, we found that 100% of the primary trophoblast giant cells formed in vitro show intense cytoplasmic staining (Fig. 5D) . We also examined explants of 7.5 d.p.c. EPC tissue and extraembryonic ectoderm stripped of the overlying viscera1 endoderm following proteolytic treatment with a pancreatin/trypsin mixture (Johnson and Rossant, 1981) . The secondary trophoblast giant cells differentiating at the margins of these explants similarly express high levels of limk mRNA, whereas none of the other morphologically distinct cell types formed in these cultures showed any detectable hybridization signal.
These explapt experiments demonstrate that limk mRNA is expressed at the earliest time when the trophectoderm gives rise to morphologically distinct trophoblast giant cells. Moreover, both the induction and maintenance of limk mRNA expression are an intrinsic feature of this cell type and occurs independently of interactions with maternal tissue(s).
Biochemical characterization of limk
Because the unusual kinase domain present in limk conforms to neither the consensus site for a tyrosine or a serine/threonine kinase, it was important to further characterize protein kinase activity. This was especially critical since other putative kinase-like genes cloned via PCRbased screens, such as Klg (Chou and Hayman, 1991) , have failed to show protein kinase activity. The portion of the cDNA encoding residues 341-646 corresponding to the entire kinase domain, was subcloned into pGEX 2T to produce a soluble 65 kDa glutathione-S-transferase fusion protein (GST:limk). As shown in Fig. 6A , the 65 kDa GST-limk fusion protein is efficiently autophosphorylated, whereas the same fragment expressed in a different reading frame failed to demonstrate any kinase activity. Additionally, since limk possesses a novel peptide binding subdomain, it was of considerable interest to identify the amino acid residues substrate(s), and to test whether as is the case for MAPKK (Crews et al., 1992) , limk might exhibit dual specificity and phosphorylate both tyrosine and serine/threonine residues. Products of the in vitro kinase reaction were subjected to acid hydrolysis and analyzed by thin layer chromatography.
As shown in Fig. 6B , results of this analysis indicate that the limk fusion protein catalyzes phosphorylation exclusively of serine and threonine, not tyrosine residues.
Chromosomal localization of limk
Next a single copy limk specific 485 bp cDNA frag- ment (bp 2120-2605) containing a portion of the 3' untranslated region was used as a probe in an interspecific backcross [(C57BL/6J X Mus spretus)F, X C57BL/6J] DNA panel (Copeland and Jenkins, 1991) . This analysis showed Zimk to map to the distal region of chromosome 5, in a region syntenic with human chromosome 7 (Nancy Jenkins, pers. commun.).
Thus, the limk gene is not closely linked to any known spontaneous mouse mutations.
Discussion
Here we describe a novel intracellular protein kinase comprised of two amino terminal LIM domains, a proline and phosphorylation motif rich linker region, and a unique kinase domain. Based on sequence comparison this gene appears to be the mouse ortholog of a recently published human gene, designated LIMK (Mizuno et al., 1994) . No other protein kinases of this type have yet been described.
The LIM domain was initially identified as a structural motif shared by three homeodomain containing proteins, including the two Caenorhabditis elegans proteins lin-11 and met-3 (Way and Chalfie, 1988; Freyd et al., 1990) and Islet-l, a rat insulin enhancer binding protein (Karlsson et al., 1990) . From these three proteins, the LIM domain was defined as an approximately 60 amino acid cysteine rich motif, CX&-X,&,s-HX2CX2CX$-X ,a_18-CX2-(C, H, D) similar to those present in metalloproteins. All three of these LIM proteins contain two tandem copies of the LIM motif followed by a homeodomain region and a putative transcriptional activation domain at the C-terminus. However, several additional LIM proteins have now been described, many of which, such as zyxin and members of the rhombotin family, lack a homeodomain (Boehm et al., 1991; Sadler et al., 1992; reviewed Sanchez-Garcia and Rabbitts, 1994) . Moreover, the number of LIM domains present in these individual proteins has been shown to vary from a single LIM domain, as for example in CRIP (Birkenmeier and Gordon, 1986 ) to three LIM domains, as for example in zyxin, a LIM protein associated with adhesion plaques (Sadler et al., 1992) . This diversity in structure and intracellular localization, strongly suggests this class of molecules serves multiple functions mediated by interactions with distinct protein or DNA substrates.
The majority of LIM proteins described to date all seem to possess homeodomains and/or putative transcriptional activator domains, implying that these molecules function as DNA binding proteins. However, the specific contribution of the LIM motif to their activities remains unclear. It was recently shown that the second LIM domain in the cysteine rich protein (CRP) is structurally similar to the DNA binding domains of GATA-I and steroid hormone receptors (Perez-Alvarado et al., 1994) . The LIM domain in the isl-l and met-3 proteins appears to inhibit the DNA binding ability of the homeodomains (Sanchez-Garcia et al., 1993; Xue et al., 1993) . There is convincing evidence that LIM domains participate in protein-protein interactions.
The hamster LIM protein, Lmx-1, interacts with a basic helix-loop-helix protein to activate transcription of the insulin gene (German et al., 1992) . The first LIM domain of the chick zyxin protein is necessary and sufficient to promote binding to LIM domains present on the cCRP protein (Schmeichel and Beckerle, 1994) . Thus, LIM domains acting alone or in concert seem to promote associations amongst LIM domain family members.
While the exact biochemical activities of LIM proteins have yet to be established, mutational analysis of specific LIM homeoproteins have shown these molecules function in cell fate specification in different organisms (reviewed Sanchez-Garcia and Rabbitts, 1994) . For example, in C. elegans Lin-1 I is required for correct differentiation of cells of the vulva1 lineage (Freyd et al., 1990) , while the Drosophila aptemus gene is involved in formation of adult wing structures and specific muscle sub-sets (Bourgouin et al., 1992; Cohen et al., 1992) . In mammals RBTN-2, a nuclear LIM-protein lacking a homeodomain, plays an essential role during differentiation of the erythroid lineage (Warren et al., 1994) .
In the case of limk, we speculate that this highly conserved protein may serve as an essential component of intracellular signal transduction pathways such as the rasraf cascade (reviewed in Schlessinger, 1994) . Interestingly, the linker region of limk is comprised of a proline rich region, suggesting that this region of the protein may interact with SH3 domain containing proteins, in a fashion similar to the association of crk with the c-abl kinase (Feller et al., 1994; Ren et al., 1994) . It seems likely that limk associates with other proteins via the LIM domains so that the catalytic domain contacts and phosphorylates appropriate targets. Moreover, the presence of protein phosphorylation motifs in the intervening region strongly suggests that lim-kinase activity is regulated by other protein kinases. It is particularly significant that limk possesses a consensus phosphorylation motif for recognition by MAPKK. No substrates for this protein kinase other than MAPK have been described to date. Additional ex-periments are needed to examine the possible role of limk in the MAPK-MAPKK pathway. Interestingly, the present experiments demonstrate that the most prominent site of fimk expression is in the trophoblast giant cells. Moreover, the onset of fimk expression is closely associated with terminal differentiation of both the primary and secondary trophoblast giant cells. The primary trophoblast giant cells arise from the mural trophectoderm at around 4.5 d.p.c. (Barlow and Sherman, 1972) , while so-termed secondary trophoblast giant cells are produced at the margins of the diploid ectoplacental cone tissues beginning at 7.5 d.p.c. onwards. A highy unique feature of this cell type is that they cease mitotic cell division and undergo massive endoreduplication of their DNA, due to polytenization of the chromoome complement (Varmuza et al., 1988) . This highly unusual cell population plays a critical role during mamalian development, mediating implantation into the maternal uterine epithelium, and at later stages they are the primary site of synthesis of hormones such as members of the placental prolactin family required for the maintenance of pregnancy (reviewed in Soares et al., 1991) .
Only a small number of gene products that have been identified to date are specifically expressed in derivatives of the trophectoderm lineage (reviewed Cross et al., 1994) . These experiments demonstrate, at all developmental stages examined, all trophoblast giant cells universally express very high levels of limk mRNA. Moreover, the onset of limk expression occurs coincidently with their overt differentiation.
Since giant cell transformation is associated with the loss of cell contact with the underlying diploid ICM or EPC population (Gardner et al., 1973) , we speculate that limk is upregulated as a consequence of this alteration in cell-cell interactions.
We also detected abundant limk transcripts in the developing nervous and enteric systems, while in adults limk mRNA is most strongly expressed in brain, testis and decidual cells surrounding the embryo implantation site. limk is initially expressed at the one somite stage, in a broad region encompassing the future forebrain, midbrain and hindbrain. This pattern remains unchanged until the 15-somite stage when there is a progressive ventralization of limk expression. The LIM domain gene Lh-2 displays a similarly broad region of expression in the myelencephaIon, diencephalon, and telencephalon at 12.5 d.p.c. (Xu et al., 1993) . This type of regional expression in the ventral portion of the CNS is similar to that displayed by isl-1, a early marker of ventral motor neurons (Ericson et al., 1992) . This is in contrast to the mouse Lim-1 gene which displays highly regionalized expression in the oculomotor nucleus in the diencephalon, the fifth crania1 nerve nuclei in the hindbrain and in the commissural neuron cell bodies in the dorsal spinal cord (Barnes et al., 1994) . Most recently, from examining the expression patterns of a panel of chick LIM homeoproteins in the developing CNS, it has been argued that these molecules may participate in combinatorial fashion to dictate the topographical organization of motor neurones (Tsuchida et al., 1994) . Clearly it will be of interest to determine whether limk expression in the nervous system is required for its correct formation and patterning.
In sum, the present results together with those of Mizuno et al. (1994) (Hanks et al., 1988) , and were designed to amplify both tyrosine and serine-threonine kinases (Ruiz et al., 1994) . Embryos (370) were collected at 6.5 days post coitum (d.p.c.), and dissected free of ectoplacental cone and Reichert's membrane tissue. Poly (A)+ RNA was isolated using a MicroFastTrack mRNA Isolation Kit (Invitrogen, San Diego, CA), according to the manufacturer's conditions. Two nanograms of poly(A)+ RNA was used as a substrate in reverse transcription reactions using Maloney RNaseH-reverse transcriptase (Gibco/BRL). The reverse transcription reaction (3.5~1, l/10 volume) was used in each PCR reaction with 1 ,ug of each kinase domain oligonucleotide primer (Ruiz et al., 1994) , 250 PM final concentration of dNTPs, 1.5 mM MgC12, 25 mM KCI, 20 mM Tris (pH 8.3), and 1.25 units of Taq DNA polymerase (Perkin-Elmer) in 50~1 total reaction volume. The PCR reaction was performed at 94°C for 1 min, 55°C for 2 min, and 72°C for 3 min, for 35 cycles. A second round of PCR was performed using 5~1 of the primary amplification product as a template, under the same reaction conditions, Taking advantage of the EcoRI and BamHI cleavage sites designed into the primers, the purified PCR amplified products were double digested and cloned into pB1uescript II KS(+) vector (Stratagene).
A plasmid 'mini-library' containing approximately 850 clones, was picked into 96-well trays and replica plated onto separate 137 mm Colony/Plaque Screen nylon membranes (NEN/DuPont). DNA minipreps were carried out on 12 randomly selected clones (Sambrook et al., 1989) and subject to double stranded DNA sequencing using Sequenase 2.0 (U.S. Biochemicals). The nucleotide sequences were analyzed using the University of Wisconsin Genetics Computer Group Software Package (Devereux et al., 1984 ). These 12 clones were then labeled with 32P using the random hexamer method (Feinberg et al., 1983 ) and hybridized to the nylon membranes containing the entire collection of bacterial transformants, according to the manufacturer's conditions. An additional 12 non-hybridizing clones were selected for DNA preparation and sequencing, and this analysis continued until the 'mini-library' was depleted of non-hybridizing clones.
In situ hybridization
Isolation of limk cDNA clones
Plaques (I x 106) of an 8.5day mouse embryo cDNA library (Fahrner et al., 1987) were screened using the cloned 230 bp limk insert as a 32P labeled random primed probe. Hybridization was carried out using BiotraceNT filters (Gelman Sciences). A single positive 1.4 kb clone was plaque purified, subcloned into Bluescript II KS (+), and used to screen mouse neonatal and newborn brain cDNA libraries (Stratagene). A number of independent clones were isolated and characterized to determine the full length sequence. The nucleotide sequence of limk has been submitted to GenBank under accession number u151.59.
The antisense riboprobe was comprised of a 1243 bp EcoRI-PstI limk cDNA fragment (bp 1197-2440), containing the entire Zimk kinase domain and approximately 300 bp of the 3' untranslated region, inserted into pBluescript. Linearized plasmid was transcribed using 'I7 polymerase (Boehringer Mannheim). In situ hybridization was performed as described in Lyons et al. (1990) . The slides were photographed using Kodak Elite 100 and Fujichrome Velvia Professional slide film on a Leica DMR microscope. Whole mount in situ hybridization was performed as described by Rosen and Beddington (1993) . In this case embryos were photographed using Kodak T-160 color slide film, using a Leica M-10 microscope. Embryos were subsequently embedded in paraffin wax, sectioned and photographed with Kodak T-160 film under Nomarski optics on a Leica DMR microscope.
Blastocyst outgrowths were generated by culturing 3.5 d.p.c. embryos in collagen-treated Tissuetek chambers. Ectoplacental cone and extra-embryonic ectoderm outgrowths were prepared in Tissuetek chambers as described by Carney et al. (1993) . After 4 days the outgrowths were fixed in 4% paraformaldehyde and subjected to whole mount in situ analysis.
